Abstract-In this letter, we propose a method of propagation characteristics analysis that enables simplified assessment of the transmission characteristics of multiple-input-multiple-output (MIMO) communication in indoor environments and assess its accuracy. In the proposed method, ray-tracing analysis is combined with a statistical method based on antenna array principles. Ray-tracing analysis is a rigorous method, but it is highly demanding in terms of computing time. Accordingly, in our method, ray tracing is only implemented between a pair of transmitting and receiving antenna points that are used as reference, after which statistical analysis is applied to estimate the properties of the surrounding areas. The results of an environment analysis of an empty room containing no objects produced via our method were compared to a room analyzed by ray tracing alone, from which we found our simplified method to be highly accurate within a range of several wavelengths from the receiving reference points.
I. INTRODUCTION

F
OR A wireless local area network (LAN) and mobile communication involving multiple-input-multiple-output (MIMO) communication, it is desirable to assess the transmission characteristics of the environments in which they are to be used in advanced. However, this is particularly difficult for indoor environments because of the complex radio wave propagation characteristics induced by numerous and varied wall, ceiling, and floor materials [1] , [2] .
Ray tracing is an effective method for assessing indoor transmission characteristics [3] - [6] . However, even though individual path data can be accurately calculated via this method, the calculation method includes a problem that the computation time increases exponentially with increases in the maximum number of wall-surface reflections and diffractions involved. As a result, in MIMO analyses involving multiple combinations between transmitting and receiving antennas, the computing time required to calculate the statistical properties near a point of interest by ray tracing alone rapidly becomes excessive. Various methods have been proposed for reducing ray-tracing computing time in such MIMO applications [5] - [7] . However, Manuscript although promising, the accuracy of these estimation methods in actual applications has not been sufficiently assessed and verified.
In the present indoor communication study, we focused on the development and implementation of a method for determining the statistical properties of the environment in the vicinity of antenna locations. Using this method, we first performed single ray-tracing computations for specific reference points, and then applied the "plane-wave approximation (PWA) technique" [5] to create statistical estimates based on array antenna principles in order to make approximate calculations regarding the properties around those reference points. Although the concept of PWA technique itself was presented and analyzed in outdoor environments in [5] , more specific calculation formulas as a function of path information-namely, directions of departure and arrival, amplitude, and delay-are presented in this letter. Based on the formulas, we evaluate the prediction accuracy and its application limit in indoor environments.
The analysis and assessment of indoor MIMO transmission characteristics, which are dependent on wall reflection properties, were performed to investigate both the effectiveness and the limits of this method. It should also be noted that commercial software (RapLab [8] ) was used in the ray-tracing analysis.
II. SIMPLIFICATION OF RAY TRACING BY PLANE-WAVE APPROXIMATION
In this letter, we envision transmitting and receiving by array antennas, and therefore perform imaging ray tracing to determine phase relations clearly. In image-based ray tracing, the parameter values for all transmitting and receiving antenna characteristics and paths, including the effects of reflection and diffraction in the propagation development, can be obtained. In frequencies that are converted to the baseband, the parameters for a given path are the angle of departure (AOD: , ) from the transmitting antenna, the angle of arrival (AOA: , ) at the receiving antenna, the complex-amplitude gain at the channel carrier frequency, and the delay . The path information obtained by ray tracing may be expressed in terms of impulse response and transfer function as
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In MIMO with transmitting antennas and receiving antennas, the time requirement is further multiplied by . Additionally, since the values obtained in this way are for single specific points, the calculation amount needed to determine the statistical properties of their surroundings is (with as the number of spatial points required for obtaining them). In array antenna applications, various methods have been proposed to shorten the calculation time required to find the characteristics of the surrounding region using path characteristics (amplitude, phase, delay, and direction of each path) between the reference points [5] . This produces results that are similar to those found by ray tracing for each path between the reference points. A vector rotation method, which includes consideration of spherical spreading, has also been proposed for the approximation in order to further increase its estimation accuracy [5] .
In the present study, in light of its practicality and convenience due to simplification in the formulation, we evaluated the accuracy of the plane-wave approximation technique and assessed its applicability in a specific indoor environment.
The impulse response of MIMO channels is a matrix having the characteristics of (1) 
and is the complex amplitude of delayed wave in the channel between transmitting antenna and receiving antenna . The frequency transmission function is a Fourier transform of and is expressed as (4) Here, the transmitting and receiving points in the area under investigation to determine their statistical characteristics are identified as reference points, and it is assumed that the statistical characteristics are uniform in that area. More specifically, we assume an area in which the AOD and AOA do not change throughout its range, and where the channel matrix of path can then be approximated as This approximation can be expected to hold for propagation environments consisting primarily of reflecting materials, as in the indoor environment described in this letter. The method of calculation comprises the following steps.
Step 1: Select the reference points for the transmitting and receiving array, and perform ray tracing between those points. For any array antenna that is to be moved spatially in a given area, position the reference point near the center of that area. In the ray-tracing process, determine the AOD ( , ), the AOA ( , ), the complex amplitude at the reference frequency, and the delay ( ) for all paths.
Step 2: Apply the approximation equation [(5) ] to the path information obtained by the ray tracing in order to obtain the MIMO channel matrix.
Step 3: Move to the next position in the frequency range and repeat Step 2 to obtain its statistical values.
III. ASSESSMENT ENVIRONMENT
Using the path information between the reference points, we constructed a model room for MIMO characteristic assessments. Fig. 1 schematically shows the model room and the positions of the transmitting and receiving antenna reference points. The ceiling, floor, four walls, and mid-room partition in this model room were all composed of 100-mm-thick concrete (relative permittivity 6.76, normal incidence wave voltage dimension reflection coefficient 0.44 [reflection loss 7 dB]). The room and the partition were 3 m in height, and the partition effectively divided the room into line-of-sight (LOS) and non-line-of-sight (NLOS) communication zones.
The transmitting and receiving antenna array elements were vertical-polarization half-wavelength dipole antennas at 2.45 GHz (ISM band). The positions of the reference point on the transmitting side and the three reference points on the receiving side, in the XYZ-coordinate system, are shown in Table I . The coordinate system origin is at the intersection of the three planes: Wall 2, Wall 3, and floor planes. As indicated, , , and are in LOS, NLOS, and border areas, respectively.
IV. ASSESSMENT RESULTS
A. Reception Strength
We first performed ray-tracing analysis of the paths between and and then applied the resulting path information in order to assess the accuracy of the reception strength estimates at various distances from their reference points. More specifically, we placed the transmitting antenna at point and moved the receiving points from their reference points in the positive and negative directions parallel to the -axis at 20-mm increments out to a maximum distance of 700 mm in each direction. We then calculated the reception strength at each receiving point and compared it to the values obtained rigorously by ray tracing. Here, the maximum numbers of wall reflections and diffractions were three and one, respectively. Fig. 2 shows the results of the analyses. As shown in Fig. 2(a) , the estimates for and at distances of up to 500 mm (four to five wavelengths) were in close agreement with the values obtained by ray tracing (the "rigorous values") at each point. However, as shown in Fig. 2(b) , large errors occurred for in the LOS zone because the location of is within the NLOS zone itself. This may be attributed to a large direct-wave contribution that effectively predominates over the incoming waves and a consequent inability to assess the characteristics for an overall area neighboring that zone with a single reference point. Although we confirmed by additional simulation that the estimation accuracy increases with decreasing the height of the partition, the detailed analysis is left as a future study.
B. Eigenvalue Distribution
We next found and compared the statistical values obtained by ray tracing and by the proposed method, for eigenvalues of the channel correlation matrix (equivalent to , with superscript H indicating the complex conjugate transpose) under spatial movement with the array antennas in a MIMO configuration. The four elements of both the transmitting and the receiving antennas were placed at equal intervals of 40 mm (approximately 1/3 of the wavelength ) in a straight line in the Y direction.
On the transmitting side, the center of the array was set at . On the receiving side, the four antenna elements were moved in 40-mm increments along the -plane in a square of length with its center at . The farthest points in this square from its center were thus at its vertices. With denoting the distance between and the vertices, we then have . Based on the value in the previously described investigation, we used mm . The number of correlation matrices obtained by moving the antenna elements on the receiving side was 304. Fig. 3 shows the cumulative probability distributions found for their eigenvalues. The values shown in the figure are calculated from the received signal strength at a transmitting power of 1 W, and the eigenvalues themselves have no intrinsic meaning. However, the focus of our interest is the degree of agreement between the obtained values.
As shown in Fig. 3(a) and (b), the proposed method was in close agreement with the ray-tracing method in all eigenvalues for and with the first to third eigenvalues for . In contrast, as shown in Fig. 3(c) , the errors were very large for . In Fig. 3(c) , the inflection point in the ray-tracing curve of the first eigenvalue for the data obtained by ray tracing indicates that the range of movement of the receiving antenna elements comprises two groups, one in the LOS zone and the other in the NLOS zone. Fig. 3 shows that the border zone between them yields errors that depart markedly from the ray-tracing values, and thus the zone is out of range of useful application for the proposed method.
C. Channel Capacity
We also performed a comparison in terms of channel capacity, which is a more direct indicator for transmission characteristic assessments. Channel capacity can be calculated by using the channel eigenvalues, as bps/Hz (8) where is the mean signal-to-noise ratio (SNR) and it is assumed that dB. In addition, the channel capacity in the square around is taken as the reference for the overall ray tracing, and is the coefficient for normalization of the eigenvalues found for it, which allows us to obtain a value of 1 for the mean path gain between the transmitting and receiving antennas. Fig. 4 shows the results of this analysis in the case of and . Figs. 3 and 4 both show that the proposed method is in close agreement with the ray-tracing method in both the LOS and NLOS zones.
We also performed a similar investigation with the model room, including its partition, composed of metal reflecting bodies (normal incident wave voltage dimension reflection coefficient 0.998) instead of concrete. As shown in Fig. 4 , the same tendencies were observed in this model room as in the concrete room, despite the differences in the electrical properties of its constituent material.
V. CONCLUSION
In this letter, we proposed a simplified method for assessing MIMO transmission characteristics that incorporates the results of ray tracing into the propagation channel and verified its range of applicability to indoor communication. Our results show that the results of this assessment method are in close agreement with the results of full ray tracing for both LOS and NLOS configurations, but may result in large errors in the border zones between the two, which could limit its application range. In the latter case, there is a possibility to increase the prediction accuracy by using two point reference data: One is at a position in LOS, and the other is in NLOS. This analysis is also left as a future study.
This study did not include the presence of fixtures, furnishings, or other articles in the model room, which would result in a more complex propagation environment and which, therefore, also remains as matters for future study.
